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Abstract 

The discovery of a SM-like Higgs boson with a relatively heavy mass and hints of di-photon 
excess has deep implication to supersymmetric standard models (SSMs). We consider SSMs ex- 
tended with hypercharge ±1 triplets, and investigate two scenarios: (A) Triplets couple to the 
Higgs doublets with significant strength, which can significantly enhance ni]^ and simultaneously 
raise the Higgs decay to di-photon rate via the light chargino loops; (B) Oppositely, those cou- 
plings are quite weak, but the doubly-charged Higgs bosons, owing to the gauge group structure, 
offer a natural interpretation to an excess rather than a deficient. Additionally, the pseudo Dirac 
triplet fermion in this scenario is a natural inelastic non-thermal dark matter candidate. Light 
doubly-charged particles, especially a robust doubly-charged Higgs boson below about 100 GeV in 
scenario B, are predicted. We give a preliminary discussion on their search at the LHC. 
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I. INTRODUCTION AND MOTIVATIONS 



The LHC is on the verge of claiming the discovery of a standard model (SM)-like Higgs 
boson [1] (Now the significance reaches 6.9 cr). This good news consolidates supersymmetry 
(SUSY), which elegantly solves the gauge hierarchy problem relating with this putatively 
fundamental spin-0 particle, as the leading candidate for new physics. However, we encounter 
two problems. Firstly, the measured SM-like Higgs boson mass rrih is about 126 GeV, a 
sufficiently large value to seriously challenge the naturalness of the weak scale in the most 
popular minimal supersymmetric SM (MSSM) [2]. Secondly, in terms of the announced 
results [1], this Higgs boson is not exactly SM-like and its di-photon signature channel 
shows the most noticeable deviation, to which the MSSM also lacks a natural explanation. 
Thus, solving these two problems (in spite of the waiting-for-confirmation for the latter) 
simultaneously and naturally gives us illuminating hints to go beyond the MSSM. 

Actually, the relatively heavy Higgs boson mass alone may open a window for new models. 
As been well known, in the MSSM the tree-level SM-like Higgs boson mass is upper bounded 
by the Z— boson mass, owing to the fact that the strength of Higgs quartic term is determined 
by the electroweak gauge couplings. The new models should provide significant Higgs quartic 
terms either at the tree- or loop-level. A well known example is the singlet extended MSSM 
such as the next-to MSSM (NMSSM) which possesses a large coupling between the singlet 
and Higgs doublets. Additionally, it shows a singlet-doublet mixing effect to enhance ruh [2, 
3] (The relat4ed search please see Ref. [4]). Recently, some other exploration beyond the 
MSSM alone this line includes: (A) The gauge group extension, which gives non-decoupling 
£)— terms [5] to increase rrih (It requires the Higgs doublets to be effectively charged under 
the gauge group); (B) Vector-like particles extension, which raise the Higgs boson mass at 
the loop-level [6]; (C) SU{2)i triplet Tq with hypercharge extension [7, 8]. Tq couples to 
the Higgs doublets via XToT^cHyToH^ which, in enhancing rrih, shows similar behavior to the 
NMSSM. 

However, once we further impose the global fit for the Higgs data [9] , they are difficult to 
provide a sufficiently good interpretation. The global fit needs new QED charged particles 
which can directly enhance the width of Higgs decay to di-photon [9] without significantly 
effecting other Higgs tree-level couplings, especially to ZZ/WW. Within the NMSSM, light 
charginos, prediction of natural SUSY, may be the viable charged particle candidate in the 
case of a large singlet-doublet mixing [10]. But this scenario heavily depends on the tuned 
mixing structure. In the case of an enlarged presentation such as Tq, new charged fermions 
are introduced, and therefore they can lead to larger di-photon rate given a large enough 
Ato [8]. 

In this paper we consider the low energy SUSY incorporating SU{2) l triplets which carry 
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hypercharge ±1, denoted as Tu^d respectively. As been noticed long ago by [11] and more 
recently [12-14], such fields can effectively lift rrih if they couple to the Higgs doublets with 
significant couplings. Even more interestingly, they, the singly-charged charginos mixed with 
the MSSM partners, are capable of increasing the di-photon rate simultaneously. Thereby, 
such a SSM is a good case following the rule at the beginning. Driven by the doubly- charged 
Higgs bosons, the Tu^d weak Yukawa coupling limit is also explored. This scenario presents 
an elegant explanation to why the doubly-charged Higgs boson-loop constructively rather 
than destructively interfere with the W—loop. Additionally, this scenario provides a pseudo 
Dirac fermion to be an inelastic non-thermal dark matter (DM) candidate. Finally, both 
scenarios predict quite light charged states and in particular, the doubly-charged charginos 
and Higgs (for the latter scenario only) may have a good LHC discovery prospect. 

This paper is organized as follows. In Section II we study the MSSM extended with 
hypercharge ±1 triplets, two distinct scenarios are explored and we stress their phenomeno- 
logical highlights for Higgs data and dark matter. Corresponding LHC search strategy and 
prospect are also briefly commented. Discussion and conclusion are casted in Section HI 
and some necessary and complementary details are given in the Appendices. 

II. HIGHLIGHTS OF SUSY WITH HYPERCHARGE ±1 TRIPLETS 
A. Model setup 

Naturalness is an important guidance to explore the structure of the low energy SSMs. In 
this section, motivated by naturally explaining the recent Higgs data, including the relatively 
heavy SM-like Higgs boson mass and the hinted excess of Higgs decay to di-photon rate, we 
consider SU{2)i triplets T^^d extended SSMs (TSSMs). Here Tu^d carry hypercharges —1 and 
+1, respectively. Note that both of them are needed for the sake of anomaly cancelation. 
The most relevant modula of the TSSM is 

Wh = fiHu ■ Hd + /iTTr(T„Td) + KHu ■ T^H^ + XdHd ■ TdHd. (1) 

The corresponding soft SUSY-breaking Lagrangian is 

Ao/t= Yl + {BiiHu-Hd + BiiT'Ti{TuTd) + c.c.) 

+ {A^H^ ■ T^H^ + AdHd ■ TdHd + c.c.) . (2) 

For simplicity, here all parameters are assumed to be real (Incorporating CP violation will 
bring about quite different Higgs phenomenologies [15].). Tu and T^, following the notation 
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of Ref. [11, 13], are respectively written as 



u — 



a 



V2 " 




) 



(3) 



with a'^ the three Pauh matrices. As usual, the doublets are written as = (H^, H^) and 
Hd = {H^, H^). For illustration, in components the superpotential terms take the form of 



■ T^H^ ^ {HuU-^{T^),\H^), = V2HtHlT- - {HyT^ - {HtfT~~, (4) 



where the antisymmetric tensor e"^ has entry e^^ = —1. The above definition of spinor 
product is applied to other quantities. 

If we want to produce the small neutrino masses, as in the type-II seesaw mechanism [16], 
the following lepton number violating operators are introduced: 



with 2,j = 1,2,3 the family indices. Through the products of the small Yukawa couplings 
and triplet's vacuum expected value (VEV), they generate the tiny neutrino masses {rny)ij = 
{^LjijVTi ~ 10^^*^ GeV. One will find, the triplets' VEV of interest should be around the 
GeV scale, as renders the Yukawa couplings extremely small. Then, alternatively, one may 
forbid such couplings and turn to the canonical seesaw mechanism. In any case, this aspect 
of the TSSM is not of our main concern. But we would like to stress that, models under 
consideration can be embedded into the supersymmetric type-II seesaw mechanism [17] 
without violating the i?— parity, namely, the lightest sparticle LSP DM hypothesis of SUSY 
can be maintained. In contrast, the models with hypercharge triplets can not be embedded 
into the type-Ill seesaw mechanism and meantime respect the i?— parity. 

In the TSSM, A„ and are closely related to the ensuing discussions. In the one scenario 
studied later they will be required to be large, so we want to know the scale at which the 
perturbitivity breaks. The relevant renormalization group equations (RGEs) can be found 
in Appendix. A. From it one can find, due to ht ^ h^, the beta functions of \u and are 
asymmetric. A^ is favored to be moderately larger than A^. Fig. 1 shows that if they do not 
hit the Landau pole below the GUT-scale, the maximal A^ and A^ are about 0.62 and 0.45, 
respectively. While for A^ = 0.7, it hits the Landau pole soon at a scale ~ 10^*^ GeV. The 
implications to GUT is beyond the scope of this work and we simply discuss it in the end 
of the work. 

In the following subsections we will turn our attention to the highlights for the TSSMs, 
focusing on phenomenologies involving the Higgs and DM. Two different scenarios are in- 
vestigated separately. 



WL = {\L);jU-TdLj. 



(5) 
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FIG. 1: The plot of A 

u^d verses the running scale. Two groups of boundary values at the low energy 
are chosen: (A) A^j = 0.3 (thick dashed line) and A^ = 0.7 (thick line); (B) A^ = 0.45 (thin dashed 
line) and A^^ = 0.62 (thin line), showing the maximal A^^^ endured by perturbativity up to the 
GUT-scale. 




B. Scenario A: Large A„^ ~ 1 

This scenario takes the advantage in rasing the SM-like Higgs boson mass and at the same 
time the Higgs decay width to di-photon. But these two aspects tend to show a tension and 
the mixing effect can relax it. 

1. Lifting the Higgs boson mass and pull-down mixing effect 

We now study the CP-even Higgs boson sector, which consists of four states, with two 
from the ordinary doublets and other two from the triplets T°^. The triplets are expected to 
nearly decouple from the doublets because their mixings are induced by the triplets' VEV, 
which however should be no more than a few GeVs otherwise the p parameter will deviate 
from 1 beyond the experimentally allowed level [13]. In fact, the triplets' VEVs can be 
approximately determined in an analytical way: 

Aiu =Au sin^ (3 — Xd^T cos^ (3 — XuP sin 2/3, 

Aid =Ad cos^ /3 — XuPt sin^ /? — A^/i sin 2/3, (6) 

with tan /3 = (i/J^) / {H^)- The approximations are valid in the heavy scalar triplets limit and 
moreover a not anomalously large B^^. As one can see, the smallness of (T°^) < 1 GeV, in 
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the case of a light ht ~ 100 GeV while large \u4 ~ 1, can be feasible only if rriT^^ > 0{1) 
TeV. Otherwise, we have to greatly tune parameters to make A4.u,d very small. On the other 
hand, the triplet couples to Hu with a large Yukawa coupling, so fn^j^ will receive a large 
negative correction via the renomalization group equation (RGE): 

^g^2^ = Ka + ^IJ + 12A>|„ + (7) 
In the leading logarithm and allowing for a fine-tuning F = 100, we obtain an upper bound 

where A is the SUSY-breaking mediation scale and in the above estimation we have set it to 
be the grand unification theory (GUT)-scale. Even if we set A = 10^ GeV, the upper bound 
is merely doubled. In other words, generically speaking the VEVs can not lie far below one 
GeV. This has important implication to the mixing effect. 

To further quantitatively understand the above arguments, here we have a close inspection 
into the mass square matrix. We adopt the following field decomposition 

1 i 
Hi =Vu + —i={hi cos 13 + h2 sin (3) + —j= (Pi cos /3 + sin /3) , 

1 i 
=Vd + —={~hi sin/3 + /la cos/3) + —={Pi sin f3 - G°cos/3), 
V 2 V 2 

=VT. + 'P^) ' = ^T, + ^ {h, + iP,) . (9) 

Then, in the basis [hi, h2, h^, h^) the mass square matrix M| is given by Eq. (B3). In 
particular, the SM-like Higgs boson mass square, ignoring both the doublet-doublet and 
doublet-triplet mixing effects, is given by: 



(M|)22 =m| 



cos^ 2/3 + 4 (Arf cos^ f3 + Xl sin^ /3) 
9 



(10) 



with m| = g'^v'^ and g"^ = {g'l+gl)/2. The new contributions originate from Xu.dHu.dTu.dHu.d, 
which give new quartic terms such as \Fto\ 3 -^mI-^uI^- So, provided that order one couplings 
\u,d, the tree-level Higgs boson mass can be sufficiently large regardless of tan /3 . 

Such an interesting feature, obviously, is attributed to the fact that the quartic terms \Hj\ 
and \H^\ are generated simultaneously. To our knowledge, basically the rrih dependence on 
the angle /3 can be classified into three types: (I) The MSSM-like case where the quartic term 
is determined by the vector-like terms (Namely Hu^d form a vector-like expression under 
the gauge group, such as SU{2)l x f/(l)y), then the quartic term (|i?°| — \H^\Y oc cos^2/3 
which requires a large tan /3; (II) The NMSSM-like case, the quartic term is a two-doublets 
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mixed pattern \H^H^\'^ oc sin^2/3 and thus a small tan/3 ~ 1 is required. The SSMs with 
hypercharge-0 triplets [7, 8] also fall into this category; (III) The TSSMs considered in this 
work as well as in models extended by a new gauge group under which Hu and Hd form a 
chiral presentation. Such a classification is useful, since the di-photon excess usually also 
has a strong dependence on /3, as will be explicitly seen soon. Therefore it provides a helpful 
guild to actual model building. 

The maximal enhancement indicated in Eq. (10), however will be reduced by the mixing 
effect. As suggested previously, decoupling of the triplets is merely marginal when we set 
the rough naturalness bound m^^ d ~ ^ TeV (In reality, can be much heavier since it 
does not couple to Hu, but we do not consider such a hierarchy). To see that, we start 
from a simplified system by only including the sub-matrix consisting of entries involving 
states 2 and 3 (namely only including the mixing with T°), and from the expressions given 
in Eq. (B3) it is not difficult to find the relation 

(M|)22(M|)33~O(0.1)(M|)23. (11) 

Thereby the mixing effect will pull-down the lighter eigenvalue (namely the SM-like Higgs 
boson mass square) by a mount (iVf|)23/(M|)33 [2] and renders a reduce to the Higgs boson 
mass, with a amount estimated by 



(Ml 



^rrih ^ - -{Ms)22 
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S)23 
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The mixing with T° similarly contributes to the pulling-down effect and then the estimation 
should be doubled. Through mild tuning one can obtain a relatively small Aiu,d- It helps 
to not only reduce Vt^^, which is consistent with the neutrino phenomenology and the p 
parameter constraint, but also weaken the pulling-down effect. However, sometimes the new 
quartic terms excessively enhance rrih, as is just the case when we want to further account for 
the di-photon excess, then we need a relatively large A4u,d, or equivalently vt^^, to strength 
the pulling-down effect. From Eq. (6) we know a negative A^^d are favored then. We plot 
the two limits of mixing effect on Fig. 2. 

2. Rasing the Higgs di-photon rate via charginos 

The rate of Higgs decay to di-photon is sensitive to charged particles beyond the SM. 
Given such particles, one can predict its signature strength, which is defined as the ratio of 
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FIG. 2: Contour plots of (solid lines) and the amount of reducing m/j (dashed lines) from the 
doublet-triplet pulling-down mixing effect on the vt^^ — plane. Left: Significant pulling-down 
with Ad = 0.70, A„ = 0.45, vt^ = -2.0 GeV and = -300 GeV. Right: Weaker pulling-down 
by setting = 0.70, A„ = 0.30, vt^ = —0.5 GeV and A^ = 200 GeV. Other not much relevant 
parameters are common to both cases: /x = 200 GeV, /xy = 250 GeV, B[i = 400 x 200 GeV^, 
B^iT = 200^ GeV^ and tan /3 = 1.5 (Actually, effect of fix and tan/? can be absorbed into ^^^rf, 
see Eq. (6)). 



the di-photon rates 



(^{gg h)Br{h 77) 
(^suigg h)BrsM{h 77) 



In general, the branching width of Higgs decay to di-photon is formulated as [18] 



T{h -> 77) 
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(14) 



with Nc the color factor and = 4mf/m1. Here V, f, and S denote for a vector boson, 
Dirac fermion and charged scalar, respectively. Their charges and couplings to the Higgs 
boson are labeled as Qv,f,s and Qhvv, etc. In the limit Tj ^ 1, which is hold in this work, the 
loop-functions take the asymptotic values Ai — ?■ —7, A1/2 — ?■ 4/3 and ^0 ~^ 1/3- Specified 
to the SM, the W— and top-loop dominantly contribute to this width and give 

Aiinv) ~ -8.32, 3 X (2/3)Ui/2(ri) ^ 1.84, (15) 
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where rrih = 126 GeV is fixed. In the supersymmetric models extended by the triplets Tu^d 
with hypercharge ±1, the singly-charged charginos and doubly-charged Higgs bosons are 
two promising candidates to make R^^ > 1. But the doubly-charged charginos, in spite 
of their larger charges, are irrelevant because of their absence of direct coupling with the 
neutral Higgs bosons. This can be explicitly seen from the superpotential. 

We now consider the contributions from the light charginos. In the first place, for a mixed 
Driac system with a mass matrix Mp (Its eigenvalues are properly large), the coupling 
Yli'^9hfifi/^fi (with fi in the mass eigenstate) can be obtained via [18, 19] 



-L^log(detA4Af, 



(16) 



Applied to the top quark, it gives ghtt = V^/v with f = 174 GeV. In this paper, the chargino 
system consists of three pairs, from winos W^, Higgsinos H^^ as well as the triplets T^^. 
The chargino mass matrix is given by 



(17) 



where terms proportional to vt^ ^ are safely dropped. Then the sum of the couplings between 
h and XiXi^ with Xi (^ = l5 2,3) the three singly-charged charginos in the mass eigenstates, 
is calculated to be 
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Ighx^xr ^ 2 sin 2/3 {2\d\uV / I^t + ^i^/^2) 
m^. sm.2[5 {2\d\uV / ^iT + 9IV/M2) -2^1 V v 



(18) 



Immediately, it is seen that a small tan /3 ~ 1, as in the MSSM, is an indispensable con- 
dition [35]. Furthermore, compared to the MSSM case, our result in fact can be obtained 
just through a shift: (^g^/Ms — j- (^It^/Ms + 2\d\uv/ [it- So either A^A^ <^ \ 01 jix ^ the 
triplets will decouple at the loop generating the Higgs di-photon decay. Under such limits 
the result is reduced to the MSSM case, from which the di-photon enhancement is no more 
than 30% even we work in the unrealistic limit with tan /3 = 1 [20] . 

So, the non-decoupling triplets case with properly light T^^ and moreover A^Au ~ 
is of interest. It is, in spite of some tension, consisting with raising the Higgs boson mass. 
Now the Higgs di-photon rate signature strength is given by 

2 
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1.84 



3 V 2gh 



XX 



(19) 



8.33 - 1.84 4^2 

where we have used the result Eq. (15) and normalized the new physics contribution to the 
top quark contribution, indicated by the second term above. Moreover, we assume that 
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all the charginos' loop functions ^1/2 (^xJ are equal to ^1/2 (t*). Such an approximation 
typically underestimates the contribution since the lightest chargino mass is about half of 
the top quark mass, which leads to a slight enhancement in the loop function compared to 
the one of top quark. 

Numerically results, combined with the constraint from Higgs boson mass, are shown on 
the left panel of Fig. 3. From it one can find that: (I) All the charginos, including the winos, 
should be properly light. The fact that the light winos are favored is not surprising, and it 
just indicates that the MSSM charginos should have a non-negligible contribution to R^^, 
This is important to get a large R^^ without turning to a too large A^A^; (II) Large di-photon 
rate may have a tension with mh = 126 GeV, but then the previous pulling-down effect can 
relax it; (III) Note that only the product A^Ad is relevant to determine R^^, so, in light of the 
discussion in Section II A, we can take Xu = 0.4 and Ad = 0.62 to get viable enhancements 
without spoiling perturbativity below the GUT-scale. Finally, the sign of ghxx^ as in most 
models, is a result of parameter tuning (or artificial choice). In the following, we will present 
an attractive scenario to naturally understand the origin of the sign. 

C. Scenario B: The small A„ ^ <^ 1 limit 

We now switch to the scenario characterized by very small couplings Xu,d ^ 1, which 
can not raise rrih but is still of great interest. In the light of Eq. (6), one can find that the 
doubly-charged Higgs bosons now can be as light as the weak-scale particles without spoiling 
the p parameter. Then, although the charginos' contribution is reduced to the MSSM level, 
instead H^^ potentially lead to a considerable R^^ enhancement. Actually, in the following 
we will show that it provides a very interesting way to understand this enhancement and 
moreover is predictive. On top of that, this scenario naturally offers an inelastic dark matter 
(DM) candidate. 

1. Rasing the di-photon rate via doubly-charged Higgs bosons 

Although the superpotential does not provides coupling between H^^ and the SM-like 
Higgs boson, term does. The interesting point is that, by virtue of supersymmetry, those 
couplings are fixed by the model gauge structure rather than input by hand. Explicitly, from 
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FIG. 3: Left: A contour plot of di-photon excess strength on the ~ plane. For illustration, 
two cases are demonstrated: (A) = 0.7, /i = 200 GeV, M2 = 300 GeV and tan/3 = 1.5. The 
direct charigno lower bound > 94 GeV [22] (thick red line) is imposed. The two thick black 
lines label i?^^ = 1.3 and 1.5 respectively. Additionally, we allow Higgs boson mass moderately 
heavier than 125 GeV, indicated by the green lines, by virtue of the possible pulling-down effect to 
reduce them, which is discussed in the text. The region filled by blue dashed lines denote the viable 
window for this case; (B) The only difference is here we take M2 = 600 GeV, and various bounds 
are labeled by dashed lines. The viable window, filled by red points, is significantly narrower than 
case A. Right: A plot of di-photon excess R^^ from the doubly-charged Higgs boson varying with 
its mass (10% reduce from the singly-charged Higgs boson has been included.). Regardless of 
any other model details, an enhancement about i?^^ ~ 1.3 predicts a doubly-charged Higgs boson 
around 90 GeV. 

Eq. (Bl) it is not difficult to extract the following couplings 

-'^(\Hy-m){\T-\'-\n?) 

2 

= - v^cos2/3cos2^^^/i2 (|T--p - |T++|2) 

2 

+ y2cos2/3(sin2^^/cos2^^)^/i2 {\T-\^ - |r+p) , (20) 

where 6^ is the Weinberg angle and sin^6'^ ^ 0.23. As a consequence of T~~ lying at 
the 21 position in while T^^ at the 12 position in T^, there is a relative sign between 
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the two terms in Eq. (20) (Essentially, the reason can be traced back to the hypercharge 
assignment.). Therefore, if is very heavy, say due to a large m^^ + ^ m|,^ + 
(Such kind of hierarchy can be naturally realized in the gauged mediated SUSY-breaking 
models by coupling to messengers [21].), then the second term dominates. Similarly, we 
obtain the coupling as Eq. (16): 

' " ' = cos 2/3 cos 2g^ 9 ■ (21) 

^d 

The singly-charged Higgs boson with comparable mass reduces the doubly-charged Higgs 
boson contribution 10% and will be simply took into account hereafter. It is noticed that 
Eq. (21) takes a negative sign which, alone with its strength, is totally determined by the 
gauge structure except for the dependence on mass. 

The strength of enhancement i?^^ is significant only in the large tan /3 limit. Moreover 
it sensitively depends on the doubly- charged Higgs boson mass, and an appreciable amount 
implies that the mass should be no heavier than 100 GeV. Concretely, we now have 

2 



1.84 ml 3A(rr+4 

1 + ^ d 



(22) 



8.33 - 1.84 m2 Ai/2{Tt) 

It has a sole parameter ■mj,++ and the left panel of Fig. 3 shows that an excess Ry^ > 20% 
clearly demands a doubly-charged Higgs boson with mass below 105 GeV. 

Comments are in orders. First, although there is a great number of works using a doubly- 
charged Higgs field to enhance the di-photon rate [23], here we find that supersymmetry gives 
the most elegant realization. Second, from the above deduction it is tempting to conjecture 
that, this sign-determination mechanism may be applied to any supersymmetric models, 
which contain at least one gauge group G and under it both the Higgs doublets and some 
QED-charged chiral fields form the vector-like presentation . Third, as mentioned at the 
beginning, the TSSM in this scenario has to give up the merit of lifting the Higgs boson 
mass [36]. But this is not a server problem since any mechanism reviewed in the introduction, 
or simply heavy stops, could provide a solution. But note that the NMSSM-like model is 
not viable since it requires a small tan /3. 



2. Pseudo-Dirac fermions as a non-thermal inelastic DM candidate 

In the small X^.d scenario, we can show that the model naturally provides an inelastic DM 
candidate [25, 26]. Within this scenario, owing to the requirement of di-photon enhancement, 
fiT, barring large cancelation, is favored to be as small as possible so that T^"*"^ is naturally 
light. Furthermore, the p parameter typically requires Xu,d ^ 10~^. These two features of 
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the model parameter space inspire an interesting scenario: The nearly secluded (in the sense 
of superpotential) fermionic triplets's neutral components form a Dirac pair with mass 
fiT, however, the Dirac pair is slightly split by the mixing with the MSSM neutralinos. As 
a consequence, the Dirac fermion becomes pseudo Dirac. Concretely, the 6 by 6 neutralino 
mass matrix, in the basis Xo = 



-iW^, H% H^, TO, TO), takes a form of 



/ Ml 
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V2g2VT^ 


/iT 
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(23) 



The analytical analysis is very difficult, but we can capture the primary information of the 
pseudo Dirac system, i.e., the mass splitting in an approximate way. 

At the leading order, the mass spitting is attributed to the mixing between the Dirac 
triplets and particles with Majorana mass term, say the wino (The splitting from mixing 
with bino is assumed to be sub-leading for the momentum, owing to the smaller gauge 
coupling gi ^ g2). In this sense we can simply decouple the Higgsinos (A small fi tends to 
reduce the splitting), drop bino and further work in the limit v^^ <^ (This is ture since 
m|n^ ^ ^Td)' then obtain the greatly simplified three by three matrix 



/ M2 

-\/2g2VTa 
\ 



The mass splitting is calculated to be 

6 



Mo 



Mi 



-V2g2VTa \ 
/iT 

A^T / 



{V2g2VT,y 



(24) 



(25) 



As one can see, for a sub-GeV triplet VEV and moreover moderately heavy M2 ~ 500 GeV, 
the splitting is naturally at the sub-MeV scale. Dropping bino renders the above estimation 
only about half of the actual value, if the bino is considerably light, say Mi ~ M2/3 suggested 
by the gaugino mass unification (Actually, one can include the bino contribution by adding 
a similar term to Eq. (25) with the replacement M2 — Mi and g2 — )■ gi). The full result 
accommodates a split over a rather wide range. 

A weak scale inelastic DM with sub-MeV mass splitting has several phenomenologically 
interesting applications. In the first place, it provides a way to avoid the stringent spin- 
independent bound on the Z— mediated DM-nucleon recoil, which is very important to make 
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the triplets DM model here not been excluded by the DM direct detection experiments [25, 
27] like XENONIOO [28] (It, along with the WMAP, renders the conventional neutralino LSP 
DM now not favored by naturalness [2]). Secondly, it is a possible candidate to explain the 
SllkeV line [29], the DAMA/LIBRA experiment result [26], or for some other purposes [30]. 

However, as been well known, a DM particle participating in full weak gauge interactions 
will have a too large annihilation cross section av ~ (^g/l^vr/i^, via the weak gauge bosons 
mediation or directly into them. Consequently, the DM relic density is too small to account 
for its observed energy fraction in our Universe today. The exception is that the DM mass 
is at the TeV scale, but that is inconsistent with the scenario considered here. Thus we 
should go beyond the thermal DM scenario. For instance, the ordinary LSP (OLSP) is 
highly bino-like (Thus it does not couple to the Z— boson), which is assumed to acquire a 
proper thermal relic density and late decays to the pseduo-Dirac fermion plus a pair of light 
fermions, mediated by a slepton (See a similar scenario in a different context [24].). The 
decay width is estimated to be 

nS -> TlJf) -7j-s-,9tK\^P{M'Jf^'^) ~ 10"^«GeV. (26) 

In this estimation, we have set the mixing angle between bino and triplet fermion at the order 
^14 ~ di'^T^/if^T'nT'B) ~ 10~^, a TeV scale slepton as well as the phase space suppressing 
factor P ~ 10~^ which, in principle can be even smaller in magnitude provided sufficient 
degeneracy between bino and DM. Hence the decay can happen after the DM freezing-out, 
and the bino can transfer its number density to the DM. 

D. The preliminary of LHC search 

As is expected, to sufficiently enhance the di-photon rate, new light charged particles will 
appear. In the TSSM, in any scenario the fermionic triplets should be rather light while in 
the scenario B the triplets scalar components must stay light, concretely, the doubly charged 
Higgs boson mass lying below 100 GeV. As a result, the doubly-charged charginos (denoted 
as x~^~^) ^iid Higgs bosons (denoted as H~^~^) are likely to be probed at the LHC due to their 
clear signature, i.e., multi same-sign leptons plus missing energy. In this subsection, as a 
preliminary discussion, we will briefly comment on their prospect at the near LHC running 
but leave more quantitative study elsewhere. 
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1. Douhly- charged charignos 



At the LHC, the doubly-charged charginos can be pair produced via the Drell-Yan process 
or associated produced with a singly-charged chargino. For light charginos around 100 GeV, 
the production cross section can be as large as 10 pb (It quickly drops to a few 0.1 pb for a 
200 GeV x~^~^) [31]- Moreover, the singly and doubly-charged charginos decay produce multi 
IV— bosons, through the typical decay topologies 

xt^XiW^, X^-" ^xtW+ ^XiW+W+. (27) 

They are independent on the superpotential and hence are general. But note that some 
of ly— bosons are off-shell, depending on the mass splitting among x^"*" , Xi ^ind Xv 
the case of a sufficient degeneracy between m-^++ and m^^, say smaller than the W bosom 
mass threshold, both W bosons are off-shell. Such a situation arises when the triplets do 
not significantly couple to the Higgs doublets, such as in scenario B where mixing induced 
splitting (or the loop correction) is only at the GeV order and moreover the LSP comes from 
the triplets, say in the inelastic DM scenario. Consequently the resulting leptons generically 
are too soft to be detected and X^~^{x~^) behavior as missing energy at the LHC (assumed 
to be not long-lived). The mono-jet plus missing energy signal may provide a probation to 
this case. 

For cases with properly large mass splittings, e.g., in the scenario A, we then have a 
typical mass spectrum: xt with mass around 100 GeV while the heavier doubly- charged 
charigno mass with m^++ = fix ^ 150 — 300 GeV (see Fig. 3), as for the LSP Xi having 
even smaller mass, e.g., 80 GeV. Consider x^^ pair-production, each doubly charged charino 
produces missing energy and energetic same-sign leptons. Thus the tetraleptons plus missing 
energy signature 

PP ^ X^^X^- ^ {nnm(4)Er' (28) 

furnishes a very promising channel, of which the backgrounds are extremely suppressed, say 
~ 10-3 fb [31]. 

2. Doubly-charged Higgs boson 

Although both scenarios present TeV scale doubly-charged Higgs bosons, such heavy 
particles suffer from small production rate and we thus concentrate on the clearly predicted 
H^~^ below 100 GeV in the scenario B. Taking into account the small neutrino mass, which 
requires extremely tiny Yukawa couplings {XL)ij ~ O{10~^^), the di-boson mode — )■ 
p|^+py+ thus becomes the dominant H^^ decay channel [37] and then the same-sign lepton 
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signal search [32, 33] fails in probing/constraining this scenario. However, in addition to the 
small triplet VEV v^^ ~ 0(0. 1) GeV suppressing, this branching decay width is suppressed 
by the phase space and consequently it may be long-lived at the LHC. Concretely, the width 
is estimated in the massless limit: 

Taking mH++ = 100 GeV and vj-^ = 1 GeV, the resulted flying distance of the decaying H~^~^ 
at the LHC is ~10^^ mm. Even taking into consideration the possible large phase space 
suppressing, which arises when 771^++ is only slightly heavier (but never lighter) than mwi 
generically H^^ promptly decays at the collider. 

Ref. [32] also considered same-sign di— search from doubly- charged Higgs, using the 
signature 

PP^X'^X" ^{nitmil)Ef^\ or (jjjj)(^3"C)£^r^ (30) 

But it only gave a discussion on the mass region above 200 GeV. In our interesting mass 
region, the resulted leptons or jest tend to be soft. But its production rate is quite consid- 
erable and the pair produced H^^ can be signiflcantly boosted, so we may use the fat-jets 
technique to dig out this doubly-charged Higgs boson. We leave this promising scenario for 
future work. 



III. DISCUSSION AND CONCLUSION 



Inspired by the relatively heavy Higgs boson mass and hints for di-photon excess, and 
moreover guided by naturalness, we consider the low energy SUSY including light triplets 
with hypercharge ±1. We discuss two attractive scenarios of the TSSM: 

• One is the large A„ and scenario, which is able to not only enhance mh but also di- 
photon rate. We point out the tension between these two aspects, i.e., the latter tends 
to render the former excessively enhanced. But the doublet-triplets effect, favored by 
naturalness, can substantially reduce rrih to the desired value. 

• The other one is the opposite case characterized by negligibly small \u,di which however 
provides an elegant explanation of the origin of the di-photon enhancement. On top 
of that, the model furnishes an inelastic non-thermal DM candidate, i.e., the neutral 
pseudo Dirac triplet fermion. 

Both scenarios predict light doubly-charged objects, and thus we made a preliminary analysis 
their discovery prospect at the LHC, based on the signatures from same-sign VT— bosons. 
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We would like to end up this paper by commenting on the grand unification prospect. 
When imbed the model in a 5'f/(5)-GUT, the triplets with hypercharge ±1 come from 
symmetric rank two tensors of SU{5). Under the decomposition SU{5) — )■ S{3)c x SU{2)l x 
U{1)y, we have 15 = (1, 3, 1) © (3, 2, |) © (6, 1, -|) and similarly to T5. Adding such light 
particles at the weak scale will render the gauge couplings non-perturtative below the GUT- 
scale. For scenario A, the Landau pole is hit below the GUT-scale, and non-perturtative 
unification is a choice [8]. Alternatively, in scenario B, adding the magic fields can lead to 
gauge coupling unification as discussed in [14]. 

Note added 

After the completion of this work, we noticed that [34] appeared on the arxiv. This paper, 
working in the supersymmetric type II seesaw model and focusing on the doubly-charged 
Higgs boson as the source of di-photon excess as well as its LHC implication, overlaps with 
a part of our discussion. Our results agree with each other. 

Appendix A: Yukawa couplings' RGEs 

For using in the text, here we present the RGE running of the new Yukawa couplings A^^^ 
as well as the running of relevant parameters, e.g., ht^hi, and hr- 



here t = In ^ and /i is the running scale. The presence of light triplets at the weak scale 
affects the MSSM gauge coupling runnings: 



lovr — — 
dt 


51 o 




lOTT — — 

dt 




lovr — — 
dt 


= 



(A2) 



As expected, they will not show unification. 




5 

16 13" 

ht Qhlht + hlh + 6A|,A„ - -j9i - ^9l - -^9l , 

16 7 

/lb + h\K + h\ht + Q\\\d - -^9l - '^91 - -^91 

K ?>hlh + Ah\K + Q\%-'i9l-\9l ■ 



(Al) 
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Appendix B: The Higgs potential and mass matrix 



The Higgs potential of the triplets and Higgs doublets contains three parts, among which 
the F— term and soft term can be obtained in the text, while the D— terms with respect to 
the SU{2)l X U{1)y groups are given by 

Vo =1 (Tr (-TiT, + T]T,) + \ {hIH^ - H\H,)^ + 

E [^Tr(T„t[a",Tj) + iTr(T]K,T,]) + i [HyH, - HyH, 



9l 



a=l,2,3 



■ (Bl) 



Collecting all the terms and adopting in the fields decomposing as done in Eq. (9), we get 
the CP-even Higgs mass square matrix M| with entries (in the basis (/ii, /i2, /^s, /14)) 



9^ 



sin^ 2/3, 



(M|)i2 = -m| 



cos 213 1 



\2 \2 



sin 2/3, 



(M|)i3 =mz [2A„/i cos 2/3/(7 - {K + Arf/ir) sin 2/3/(7] 
(M|)i4 =mz [2Ad/i cos 2/3/(7 + (^d + A^/ir) sin 2/3/^] ^ 



(M|)22 =m| 



cos^ 2/3 + — (A^ cos^ /3 + A^ sin^ (3) 



(M|)24 
(M|)33 



z 

But, 

2^ 



- 2mzMu/g, 

- 2mzMd/g, 
mlMu, 



(Mj)44 =m'zMd, 



(B2) 



where = 2Bfi/ sin 2/3. In reality, in the heavy m|i^ limit (similarly applied to T^), (M|)33 
simply assumes the form be written in a more clear way after using Eq. (6), 



(M|)33 =m|^ 



(B3) 
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